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ABSTRACT
Planets around young stars are thought to undergo atmospheric evaporation due to the
high magnetic activity of the host stars. Here we report on X-ray observations of V1298
Tau, a young star with four transiting exoplanets. We use X-ray observations of the
host star with Chandra and ROSAT to measure the current high-energy irradiation
level of the planets, and employ a model for the stellar activity evolution together
with exoplanetary mass loss to estimate the possible evolution of the planets. We find
that V1298 Tau is X-ray bright with logLX [ erg s
−1] = 30.1 and has a mean coronal
temperature of ≈ 9 MK. This places the star amongst the more X-ray luminous ones
at this stellar age. We estimate the radiation-driven mass loss of the exoplanets, and
find that it depends sensitively on the possible evolutionary spin-down tracks of the
star as well as on the current planetary densities. Assuming the planets are of low
density due to their youth, we find that the innermost two planets can lose significant
parts of their gaseous envelopes, and could be evaporated down to their rocky cores
depending on the stellar spin evolution. However, if the planets are heavier and follow
the mass-radius relation of older planets, then even in the highest XUV irradiation
scenario none of the planets is expected to cross the radius gap into the rocky regime
until the system reaches an age of 5 Gyr.
Key words: stars: planetary systems – stars: activity – planet-star interactions –
X-rays: stars
1 INTRODUCTION
Exoplanets are very common around cool stars, with roughly
one expected exoplanet per star (Dressing & Charbonneau
2013). How exoplanets evolve over time is a key question to
understand the range of exoplanet properties we observe to-
day, and to determine how stable exoplanetary atmospheres
can be over long time scales.
Making use of the ever growing numbers of known tran-
siting exoplanets, Fulton et al. (2017) detected a statistically
significant gap in the regime of small exoplanets, manifest-
ing as a valley or gap in the radius distribution at about 1.8
Earth radii. Using asteroseismic stellar parameters to refine
the planetary radii, Van Eylen et al. (2018) showed that this
gap has a dependence on the orbital period of the planet; this
supports an interpretation that many of the small exoplan-
ets are indeed evaporated cores of former larger planets with
gaseous envelopes. While some migration in orbital distance
can also be expected for exoplanets especially when the pro-
toplanetary disk has not fully dissolved yet, the presence
∗E-mail: kpoppenhaeger@aip.de
and slope of the gap suggests that evaporation may be main
driver for its existence. However, other mass-loss scenarios
like core-powered mass loss could in theory also lead to the
observed gap in the radius distribution (Loyd et al. 2020).
The main driver for atmospheric mass loss of exoplan-
ets is thought to be the X-ray and extreme UV (together,
XUV) irradiation the planet receives from its host star (Wat-
son et al. 1981a; Lammer et al. 2003; Lecavelier des Etangs
et al. 2004). This stellar emission is driven by the magnetic
dynamo, which transforms the stellar rotation into the stel-
lar magnetic field (see for example the review by Brun &
Browning 2017). The magnetism manifests itself as a vari-
ety of directly observable phenomena called activity, such as
coronal and chromospheric emission, flares, and starspots.
It is well-studied that the magnetic activity decreases over
time as the star spins down through the process of mag-
netic braking mediated by the stellar wind (see review by
Gu¨del 2007)). By the time the star reaches solar age, its
XUV emission has typically decreased by about three or-
ders of magnitude.
This means that by the time we observe the majority of
small exoplanets – typically around old main-sequence stars
c© 2015 The Authors
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due to the better planet detectability when stars are inactive
– the atmospheric evaporation which forms the radius gap
is mostly finished. However, in recent years the number of
detected exoplanets in close orbits around young stars has
grown rapidly. Such discoveries of small transiting exoplan-
ets in young stellar clusters make it possible to study the
XUV environment of exoplanets which are still at relevant
ages for significant atmospheric mass loss. Mainly fueled by
the K2 and TESS missions, a growing number of young ex-
oplanets have been discovered by now (David et al. 2016;
Mann et al. 2016; Obermeier et al. 2016; Gaidos et al. 2017;
Mann et al. 2017; Pepper et al. 2017; Livingston et al. 2018;
Rizzuto et al. 2018; Newton et al. 2019). The fact that their
host stars have been identified as members of young stellar
clusters gives an age tag to the star-exoplanet systems.
A particularly intriguing system is the four-planet sys-
tem around the star V1298 Tau. This star is a member of
Group 29, an association in the foreground of the Taurus-
Auriga association with a likely age of 23 Myr (David et al.
2019a). It hosts four transiting planets (David et al. 2019b)
in orbits between 8 and 60 days with radii between 5.6 and
10.3 R⊕ (see table 1 for the system properties). The youth
of this systems means that the stellar X-ray activity is high
and can be measured precisely with present-day X-ray tele-
scopes.
In this work we report on spectrally resolved X-ray ob-
servations of the host star V1298 Tau and extrapolate the
extreme UV and X-ray (XUV) irradiation received by the
exoplanets in the system. We estimate the current mass loss
rates as well as the expected mass loss evolution of the plan-
ets over time scales of Gigayears, using an energy-limited
evaporation model that takes into account the possible stel-
lar activity evolution tracks.
2 OBSERVATIONS AND DATA ANALYSIS
The system was observed in X-rays by the ROSAT and
Chandra space telescopes.
2.1 ROSAT data
The star V1298 Tau was observed with the ROSAT satel-
lite in its ROSAT All-Sky Survey (RASS). ROSAT is an
X-ray space telescope that was in operation from 1990 to
1994 (Tru¨mper 1982; Aschenbach 1988), and performed the
RASS for seven months during 1990 and 1991 in an energy
band of 0.1-2.4 keV. The RASS consists of several scans of
each part of the sky, with the individual visits of any given
position being typically short, on the order of about 15–30
seconds, and accumulated exposure times of a few hundred
seconds. V1298 Tau was observed in the RASS with PSPC-C
detector.
We downloaded the archival X-ray data from the
ROSAT archive1. We used the xselect software, which is
part of NASA’s HEASARC software package, to analyze the
data. Specifically, we used the associated exposure map to
determine the accumulated exposure time collected at the
1 https://heasarc.gsfc.nasa.gov/FTP/rosat/data/pspc/
processed_data/
Table 1. Properties of the V1298 Tau system as provided by
David et al. (2019a,b)
Parameter Value
Star:
Spectral type K0-K1.5
Stellar age [Myr] 23 ± 4
M? [M] 1.101+0.049−0.051
R? [R] 1.345+0.056−0.051
Prot [d] 2.870 ± 0.022
Distance [pc] 108.5 ± 0.7
Planet c:
P [d] 8.24958 ± 0.00072
RP [R⊕] 5.59+0.36−0.32
a [AU] 0.0825 ± 0.0013
Planet d:
P [d] 12.4032 ± 0.0015
RP [R⊕] 6.41+0.45−0.40
a [AU] 0.1083 ± 0.0017
Planet b:
P [d] 24.1396 ± 0.0018
RP [R⊕] 10.27+0.58−0.53
a [AU] 0.1688 ± 0.0026
Planet e:
P [days] 60+60−18
RP [R⊕] 8.74+0.84−0.72
a [AU] 0.308+0.182−0.066
position of V1298 Tau, which was 297 seconds. We then de-
fined a circular source region at the nominal position of the
star with an on-sky radius of 150′′. This is motivated by the
size of ROSAT’s point-spread function (PSF), which varies
considerably in width over the field of view; for accumulated
RASS observations, a circular region of radius 150′′ contains
about 90% of the source flux (Boese 2000). We also selected
a background region free of obvious X-ray sources with sim-
ilar exposure time and in the vicinity of the star. We opted
for a background radius of 800′′ to obtain a more accurate
determination of the background count rate to be expected
in the source region.
We proceded by extracting the source and background
region photon event lists and CCD spectra again for the
source and background region using NASA’s xselect data
analysis software. The spectra were grouped to bins of at
least five counts to avoid empty energy bins; the Cash statis-
tic (Cash 1979) was used for spectral fitting with the Xspec
software.
2.2 Chandra data
Chandra (Weisskopf et al. 2000) carries as one of its instru-
ments the Advanced CCD Imaging Spectrometer (ACIS). It
provides high spatial resolution with a PSF FWHM of 0.42′′
at boresight, i.e. much higher than the spatial resolution of
ROSAT. Its nominal energy range is 0.245 to 10 keV.
We obtained Chandra data for V1298 Tau using the
ACIS-S detector in non-grating mode with an exposure time
of 1.04 ks on Nov. 17, 2019 (ObsID 22913). The image of
the target was placed on one of the back-illuminated chips
of ACIS-S, which provide slightly better energy resolution
MNRAS 000, 1–12 (2015)
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Figure 1. ROSAT PSPC X-ray image of V1298 Tau, taken in 1991. The position of V1298 Tau is marked with a red cross, the positions
of the two nearby young stars are marked as green crosses. The PSF extraction region with a radius of 150′′ is shown as a red circle.
Left: X-ray image with linear brightness scaling, binned spatially to a bin size of 16′′. Middle: Same, but smoothed by a Gaussian with
a size of 4 bins. Right: Fitted 2-D Gaussians to the positions of the three stars; the emission is dominated by X-rays stemming from the
position of V1298 Tau.
Figure 2. Chandra ACIS-S X-ray image of V1298 Tau, taken
in 2019. The position of V1298 Tau is marked with a small red
circle, the positions of the two nearby young stars are marked
with green circles, and the size of the ROSAT PSF is shown as a
large red circle.
(approximately 70 eV FWHM for photon energies up to 2
keV) than the front-illuminated chips. ACIS-S provides a
nominal energy sensitivity between 0.245 and 10 keV, but
the sensitivity to X-ray photons below 0.8 keV has become
very low over the life of the telescope.
We used the CIAO software version 4.11 to reduce the
Chandra data, employing the standard data analysis steps
outlined in the CIAO user guide. We extracted light curves
and CCD spectra for V1298 Tau, as well as for two other
stars in V1298 Tau’s vicinity. We chose a source extraction
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Figure 3. Optical light curve of V1298 Tau during the transit
of its innermost planet c. The data show the STELLA/WiFSIP
observation after removal of the detrending function. The solid
black line shows the best-fit transit model, indicating a transit
time earlier than predicted by about 3.5 hours.
radius of 2′′ radius and a background region of 60′′ radius.
Again, spectra were grouped to bins of at least five counts.
2.3 Updated planetary ephemerides
While the transit depths of the four planets are small and
are not expected to significantly alter the X-ray flux of the
star during transits, we still report here the timing of the
observations with respect to the orbital phases of the plan-
ets. As the system was observed with Kepler-K2 in 2015
(David et al. 2019a), the uncertainties in the orbital param-
eters have grown considerably since then. Typical transit
midpoint uncertainties have increased to between three and
five hours for observations in late 2019 (i.e. the epoch of the
Chandra observation) for the innermost three planets. The
outermost planets has an uncertain period measurement, so
that its current ephemeris is unknown.
We have performed ground-based transit observations
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with the STELLA telescope (Strassmeier et al. 2004) and
its wide-field imager WiFSIP (Weber et al. 2012) during the
night of January 5, 2020 in order to cover a transit of the
innermost planet c. The data were reduced following stan-
dard procedures employing a customised pipeline described
in detail in Mallonn et al. (2015). In brief, we used the pub-
licly available software SExtractor for aperture photometry,
and selected the aperture size that minimied the scatter in
the light curve. The same criterion was applied to chose
the ensemble of comparison stars for differential photome-
try. The light curve was analyzed with the transit modeling
tool JKTEBOP (Southworth et al. 2004), keeping all rele-
vant transit parameters fixed to the values derived by David
et al. (2019b). The parameters free-to-fit were the transit
mid time and the three coefficients of a second order poly-
nomial over time for light curve detrending. We found that
the transit occurred earlier than expected from the David
et al. (2019b) ephemeris by about 3.5 hours. Therefore, our
optical transit observation started only at about transit mid
time and lacks the transit ingress (Fig. 3).
We calculate that the start time of the Chandra obser-
vation occurred about 5.5 hours after the updated transit
egress of planet c. With respect to planets d and b, the
Chandra observation also took place well outside of those
transits, even taking into account the current midpoint un-
certainty of up to 5 hours for these planets. The uncertainty
of planet e’s mid-transit time is so large that we cannot de-
termine whether the Chandra observation overlapped with
it or not.
The transit midpoint uncertainties for the three inner
planets are of the order of one day for the ROSAT observing
epoch. The accumulated ROSAT data covers a time period
of almost 2 days, which may contain short exposures that
were collected during a transit of one of the planets. We do
not expect a significant influence of a potential planetary
transit on the ROSAT or Chandra data, since the transit
depths are small with less than 0.5% in the optical.
3 RESULTS
3.1 X-ray detection of V1298 Tau
The ROSAT All-Sky source catalog lists a detected X-ray
source near the nominal position of V1298 Tau (corrected for
the known proper motion of the star to match the ROSAT
observing epoch), with a spatial offset of 16.1′′ from its
nominal position. This offset is not unusual given ROSAT’s
broad PSF. The detected count rate is 0.16 cps (Voges
et al. 1999), and a cursory calculation using V1298 Tau’s
distance of 108.2 ± 0.7 pc (Gaia Collaboration et al. 2018;
Bailer-Jones et al. 2018) and a counts-to-flux conversion fac-
tor of 9.423 × 10−12 erg/cm2/count2 yields an estimate of
LX = 2 × 1030 erg s−1. This is close to the highest levels
of X-ray luminosities observed for cool stars in general, and
typical for very young stars like V1298 Tau (Preibisch &
Feigelson 2005).
We queried the Gaia DR2 archive for nearby stars
brighter than G = 15 mag within a search radius of 150′′
2 Conversion factor derived according to Schmitt et al. (1995) us-
ing the hardness ratio of HR1 = 0.21 from the ROSAT catalogue.
around V1298 Tau’s position. Most of the returned targets
are located at distances much farther away than our target,
by a factor of three or more; since field stars are intrinsi-
cally X-ray fainter than young stars, it is unlikely that those
targets are origins for the detected ROSAT X-ray emission.
There are two other stars that have a similar distance
as V1298 Tau, located at separations of ≈ 100′′ and 130′′
from our target. These stars are HD 284154 (Gaia DR2
51884824140205824) and Gaia DR2 51884824140206720,
which we will abbreviate as GDR2-5188 in the remainder
of this publication. The former was previously identified as
a candidate member of the same young moving group as
V1298 Tau (Oh et al. 2017). The latter is optically fainter
and was not included in that candidate list, but has very
similar distance and proper motion, so that all three stars
may be members of the same young moving group, and as
such intrinsically X-ray bright. We show an X-ray image of
V1298 Tau’s position taken with ROSAT in Fig. 1, indicat-
ing the position of all three stars.
We also show the Chandra X-ray image of the same po-
sition in Fig. 2, where the identification of the three stars is
trivial due to Chandra’s high spatial resolution. We find that
V1298 Tau is clearly detected as the X-ray brightest source
out of the three young stars, with a detected count number
of 70 vs. 20 and 13 for HD 284154 and GDR2-5188, respec-
tively. As a cursory check, we assume a hot coronal plasma
temperature of about 10 MK as appropriate for young stars
and estimate an X-ray luminosity of 1.1 × 1030 erg s−1 for
V1298 Tau from the detected number of counts and the ex-
posure time using HEASARC’s WebPIMMS tool1; we will
refine this estimate in the next section through spectral
fitting. We can also confirm that there are no other X-
ray sources detected with Chandra within the ROSAT PSF
around V1298 Tau’s position.
We can compare the X-ray brightness ratios between
the three stars in the Chandra and ROSAT observations. For
Chandra, this follows directly from the individually detected
source counts. For the ROSAT data, we extracted an X-ray
image with a spatial binning factor of 32; to guide the eye,
we also extracted an image smoothed by a factor of four
bins (see Fig. 1). We approximated the ROSAT PSF as a 2-
dimensional symmetric Gaussian with standard deviation of
90′′, appropriate for the RASS PSF width, and fitted three
Gaussians with free amplitude and centroids fixed to the
positions of the three stars to the (unsmoothed) ROSAT
image. The fit yielded that ≈ 90% of the X-ray photons
come from the PSF centered on V1298 Tau’s position, 10%
come from GDR2-5188, and the X-ray flux from the third
star is compatible with zero.
The ROSAT brightness ratio between the stars of 90%
/ 10% / 0% in terms of the added X-ray brightness of all
three stars is roughly comparable to the X-ray brightness
ratios in the Chandra data, namely 68% / 19% / 13%, when
one takes into account that the covered energy bands of the
two telescopes are overlapping, but not the same, and the
stars may display some intrinsic variability.
1 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/
w3pimms.pl
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Figure 4. ROSAT X-ray light curve of V1298 Tau in 1991, typ-
ical exposure time is around 20 seconds. The blue dashed line
represents the mean count rate.
3.2 Temporal variability
ROSAT scanned the position of V1298 Tau repeatedly over
about two days, with individual exposure times of a few tens
of seconds. As Fig. 4 shows, the X-ray count rate in these
individual exposures varies only mildly. No large excursions
from the mean count rate, for example from flares, are ob-
served.
Within the Chandra observation, again no large flares
are observed for V1298 Tau or any of the two other young
stars, see Fig. 5. The variability between time bins is con-
sistent with uncertainties due to counting statistics.
The absence of large flares in either of the observations
means that the overall X-ray brightness ratios of the stars
should indeed be similar, except for differences due to the
covered energy range of the telescopes.
3.3 Spectral fit and X-ray luminosity
3.3.1 V1298 Tau
To determine an accurate value for V1298 Tau’s X-ray lumi-
nosity, we extracted CCD spectra from ROSAT and Chan-
dra at V1298 Tau’s position. The two data sets cover over-
lapping, but different energy ranges. ROSAT’s low-energy
boundary is 0.1 keV. While Chandra’s low-energy sensitiv-
ity nominally extends down to 0.245 keV, in practice the
effective area below 0.8 keV has become very low over the
lifetime of the telescope. This means that any emission mea-
sure at low coronal temperatures and therefore softer pho-
ton energies than 0.8 keV are effectively not probed by the
Chandra data. Conversely, ROSAT’s high-energy sensitivity
ends at 2.4 keV, while Chandra’s extends to 10 keV. For
our source it turns out that there are almost no photons
detected above 2.4 keV even in the Chandra data.
We show both the ROSAT and Chandra X-ray spec-
trum of V1298 Tau in Fig. 6. The different sensitivities of
the two instruments become apparent immediately.
We fitted the X-ray spectra with HEASRAC’s Xspec
software, using the APEC model appropriate for a coronal
plasma (Foster et al. 2012) and solar-like abundances from
Figure 5. Chandra X-ray light curves of V1298 Tau and the two
nearby young stars in 2019 with a time binning of 100 seconds.
Grevesse & Sauval (1998). The extinction towards V1298
Tau is low with E(B − V ) = 0.024, translating to a low gas
column density NH of ≈ 1.6× 1020 cm−2, which means that
X-ray absorption by the interstellar medium is negligible for
our target. We grouped the spectra to a minimum of five
counts per bin and used the Cash statistic in Xspec’s fitting
process.
In fitting the two spectra individually, we found that
the fitted flux in the energy range where both instruments
have decent effective area (0.8-2.4 keV) is similar for both
observations with 5.3× 10−13 erg s−1 cm−2 for ROSAT and
4.5× 10−13 erg s−1 cm−2 for Chandra. We therefore decided
MNRAS 000, 1–12 (2015)
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Figure 6. ROSAT (red) and Chandra (black) X-ray spectra of
V1298 Tau. The data points are shown as crosses with 1σ verti-
cal error bars per energy bin. The best spectral fit is shown as
a red and black line for the data sets from the two telescopes,
respectively.
to fit both spectra simultaneously with the same model to
gain better energy coverage for V1298 Tau.
The result of the combined spectral fit is listed in Ta-
ble 2. The fitted coronal temperature is moderately high
with a value of kT = 0.78 keV, corresponding to about
9 MK. The X-ray flux derived from the spectral fit is
9.2 × 10−13 erg s−1 cm−2 for the native ROSAT energy
band of 0.1-2.4 keV. The uncertainty in this flux was es-
timated with Xspec to be ±1.0 × 10−13 erg s−1 cm−2 i.e.
about 11% of the flux (given is the 68% confidence inter-
val). We extrapolated this to two other commonly used
energy bands of 0.2-2 keV and 0.2-10 keV, yielding fluxes
of 8.0 × 10−13 erg s−1 cm−2 and 8.4 × 10−13 erg s−1 cm−2,
respectively. This places V1298 Tau’s X-ray luminosity at
1.3× 1030 erg s−1 for the 0.1-2.4 keV band (equalling 1.1×
1030 erg s−1 and 1.2 × 1030 erg s−1 for the 0.2-2.0 keV and
0.2-10 keV bands, respectively).
Using the scaling laws between X-ray and extreme UV
(EUV) emission of stars derived by Sanz-Forcada et al.
(2010) and the ROSAT energy band as the input X-ray
band, we estimate the combined XUV (X-ray and EUV)
luminosity of V1298 Tau to be LXUV = 6.3 × 1030 erg s−1
for an EUV energy band of 0.01-2.4 keV.
3.3.2 The two young stars HD 284154 and GDR2-5188
The two nearby young stars do not have sufficient source
counts in the Chandra observation to perform an adequate
spectral fit for them. However, we can assess their hardness
ratios and compare them to the hardness ratio of V1298 Tau.
Specifically, we calculate the hardness ratioHR = H−S
H+S
with
a soft band S of [0.5–1.5) keV and a hard band H of [1.5–5.0]
keV.
V1298 Tau, HD 284154 and GDR2-5188 then display
hardness ratios of −0.5± 0.1, −0.8+0.3−0.2, and −0.2± 0.3, re-
spectively. These are consistent with each other within their
uncertainties, indicating roughly similar spectral shapes. We
therefore estimate the X-ray luminosities of the two fainter
stars by scaling V1298 Tau’s X-ray luminosity down by a
Table 2. Spectral fitting results for V1298 Tau from the combined
Chandra and ROSAT data.
Parameter Value
kT [keV] 0.78± 0.07
EM [cm−3]2 (4.5± 0.4)× 1052
FX, 0.1−2.4 keV [ erg s−1 cm−2] (9.2± 1.0)× 10−13
FX, 0.2−2 keV [ erg s−1 cm−2] (8.0± 0.9)× 10−13
FX, 0.2−10 keV [ erg s−1 cm−2] (8.4± 0.9)× 10−13
LX, 0.1−2.4 keV [ erg s−1] (1.3± 0.1)× 1030
LX, 0.2−2 keV [ erg s−1] (1.1± 0.1)× 1030
LX, 0.2−10 keV [ erg s−1] (1.2± 0.1)× 1030
LXUV, 0.01−2.4 keV [ erg s−1] (6.3± 0.1)× 1030
factor given by the X-ray count ratios between V1298 Tau
and the respective other star.
In this manner, we estimate HD 284154’s and GDR2-
5188’s X-ray luminosity to be 0.29 and 0.19 times the X-ray
luminosity of V1298 Tau, respectively. In absolute numbers,
we estimate the X-ray luminosities of HD 284154 and GDR2-
5188 in the 0.1-2.4 keV energy band to be 3.8× 1029 erg s−1
and 2.5× 1029 erg s−1, respectively.
4 DISCUSSION
4.1 V1298 Tau’s activity evolution in the context
of young stars
We can place the X-ray emission level of V1298 Tau, as well
as for the other two young stars, into the context of cluster
stars of a similar age. The cluster NGC 2547 has a similar
age of about 30 Myr and has been studied in X-rays with
both ROSAT and XMM-Newton data (Jeffries et al. 2006).
A comparison of the fractional X-ray luminosity LX/Lbol
versus photometric stellar colours is particularly instructive,
because it displays the lower activity state of higher-mass
stars compared to lower-mass ones at a fixed given age.
We calculated the fractional X-ray luminosity and pho-
tometric colours of the three stars studied here as follows:
We queried the Gaia DR2 archive for the approximated bolo-
metric luminosities of the stars, which are given as 0.9, 4.0,
and 0.2 for V1298 Tau, HD 284154, and GDR2-5188, re-
spectively. We transformed the stellar BP −RP colours from
Gaia into V −Ic colours according to the Gaia Data Release
2 Documentation release 1.23, which yielded V − Ic = 1.0,
0.7, and 1.6 mag, respectively.
The placement of the three stars studied here in context
with the cluster NGC 2547 are shown in Fig. 7. All three
stars fall within the range of typically observed fractional
X-ray luminosities for stars of a similar age. This means
that neither of the stars is particularly active of inactive for
their age.
3 https://gea.esac.esa.int/archive/documentation/GDR2/
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Figure 7. Fractional X-ray luminosity (LX/Lbol) of V1298 Tau
and the other two young stars as a function of their V −Ic colour,
together with fractional X-ray luminosities of member stars of the
30 Myr old cluster NGC 2547 (cluster data from Jeffries et al.
(2006)).
4.2 Evaporation of the four planets
We investigate the possible future evolution of the four
young planets around V1298 Tau with respect to their atmo-
spheric mass loss induced by the stellar X-ray and extreme
UV irradiance. The goal of the following calculations is to
show the breadth of possible planetary masses and radii at
a mature system age. We will demonstrate that both the
present-day masses of the four planets, which are currently
still unknown, and the specific stellar activity evolution in
the next few hundred million years have a strong influence
on how the planets in the system evolve. We have made the
python code for these calculations publicly available4.
We start by adopting the commonly used energy-limited
hydrodynamic escape model (see e.g. Owen & Jackson 2012;
Lopez et al. 2012):
M˙ = 
(piR2XUV )FXUV
KGMpl/Rpl
= 
3β2FXUV
4GKρpl
, (1)
where FXUV is the flux impinging on the planet, Rpl
and RXUV are the planetary radii at optical and XUV wave-
lengths, respectively; we use β = RXUV /Rpl as a shorthand
in the following. Mpl is the mass and ρpl the density of the
planet,  is the efficiency of the atmospheric escape with a
value between 0 and 1, and K is a factor representing the
impact of Roche lobe overflow (Erkaev et al. 2007), which
can take on values of 1 for no Roche lobe influence and < 1
for planets filling significant fractions of their Roche lobes.
For the present-day V1298 Tau system the K factor takes
on values of about 0.8 to 0.9 from the innermost to the
outermost planet, with a slight dependence on the assumed
masses of the planets which have not been measured yet.
4 https://github.com/lketzer/platypos/
4.2.1 Planetary mass estimates
Measuring masses of planets around highly active stars like
V1298 Tau is challenging, as stellar activity can mask and
distort the radial velocity signatures of planets. No masses
for the V1298 Tau planets have been published so far. We
therefore estimate their masses based on two different as-
sumptions.
It is possible that the V1298 Tau planets follow the em-
pirical mass-radius relationships observed for planets around
older stars (Chen & Kipping 2017; Otegi et al. 2019). These
relationships show two regimes, one for small rocky plan-
ets up to radii of about 2R⊕ and one for larger planets with
volatile-rich envelopes. The scatter is low in the rocky planet
regime and larger in the gaseous planet regime: as core vs.
envelope fractions may vary, there is a broader range of ob-
served masses at a given planetary radius for those larger
planets. It is noteworthy that the young planet K2-100b,
which has an age of ≈ 700 Myr based on the cluster mem-
bership of its host star (Mann et al. 2017), falls into the
volatile envelope regime and follows the mass-radius rela-
tionship seen for older planets.
If this is correct also for the younger V1298 Tau planets,
we can estimate their masses from the mass-radius relation-
ship presented by Otegi et al. (2019); the relationship by
(Chen & Kipping 2017) yields essentially the same results.
The present-day planetary masses then span a range of ap-
proximately 26 to 69 M⊕. We refer to this assumption as
the ”high-density scenario” in the following. We note here
that we consider this ”high-density scenario” as somewhat
less likely than the ”fluffy planet scenario” described fur-
ther below. This is due to considerations about the mutual
Hill separations of the planets as reported by David et al.
(2019b) in their section 3.1, where they show that if the
V1298 Tau system follows the typically observed Hill sep-
arations in other multi-planet systems, then the combined
mass of the two innermost planets should be 7+21−5 M⊕. The
”high-density scenario” would yield a combined mass of ap-
proximately 59M⊕ instead.
In contrast to the mass-radius relation of mature plan-
ets, very young planets may display enlarged radii as they
are not dynamically settled yet. Simulations of planet for-
mation and evolution (see for example Mordasini et al. 2012)
show that in the age range of 10 to 50 Myr planets evolve
from a wide range of possible radii at a given mass towards a
more unified mass-radius relationship. If planets are formed
under the so-called cold start scenario, i.e. with low initial
entropy, their radii may not shrink very much as the plan-
ets age. However, if planets are formed according to the hot
start scenario, i.e. with a high initial entropy, their radii may
be considerably larger at young ages compared to older ages.
The planet β Pic b shows indications of having been formed
under hot start conditions (Snellen & Brown 2018).
If this is also the case for the V1298 Tau planets,
their current masses could be much lower than estimated
by a mass-radius relationship valid for older planets. We
approximate this scenario by using models of planets with
a hydrogen/helium envelope on top of a 5 and 10 M⊕ core,
using the tabulated models of Lopez & Fortney (2014).
They calculate radii for low-mass planets with hydrogen-
helium envelopes on top of Earth-like rocky cores, taking
into account the cooling and thermal contraction of the
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atmospheres of such planets over time. Their simulations
extend to young planetary ages, at which planets are
expected to still be warm and possibly inflated. Lopez
& Fortney (2014) provide simple analytical fits to their
simulation results, which we use to trace the thermal and
photoevaporative evolution of the planetary radius over
time. We refer to this as the ”fluffy planet scenario” in the
following.
4.2.2 Evaporation parameters
Different values for the efficiency parameter  have been
suggested in the literature, ranging from 0.4 (Lalitha et al.
2018) down to 0.01 and even lower for high-mass planets
like CoRoT-2b (Salz et al. 2016). In contrast, the V1298
Tau planets are well below Jupiter size and can be expected
to have moderately low masses (see above). Salz et al. (2016)
used hydrodynamic simulations of exoplanets in close orbits
to estimate . For planets of relatively low mass (and there-
fore low gravitational potential energy) and high irradiation
level they reported efficiency values between 0.1 and 0.3. In
our work, we choose an  value of 0.1 for all of our mass-
loss rate calculations; we refer the reader to section 4.3 for
a discussion of limitations of the model.
The XUV radii of exoplanets have in some cases been
found to be significantly larger than their optical radii from
observations at UV and X-ray wavelengths (Poppenhaeger
et al. 2013). We use here again an approximation by Salz
et al. (2016), who derived a scaling law for the planetary
XUV radius as a function of planetary gravitational poten-
tial and their XUV irradiation. Assuming planetary masses
follow a mass-radius relationship also valid for older planets
(Otegi et al. 2020), we find XUV radii for the four planets
that are approximately 1.5 to 1.7 times larger than their
respective optical radii. If the planets are fluffy, their grav-
itational potential is lower by half an order of magnitude
than the sample simulated by Salz et al. (2016); if we ex-
trapolate their relationship for XUV radii to this regime, we
find that the planetary XUV radii can be enlarged by fac-
tors of about 1.5 to 2.3 compared to the optical radius for
the individual planets. This significant radius enhancement
increases the calculated mass loss rates by a factor of about
2 to up to 5 compared to an XUV radius that is the same
as the optical radius.
4.2.3 Present-day mass loss rates of the planets
The expected present-day mass loss rates of the planets de-
pend sensitively on the assumed masses of the planets. We
report the mass loss rates for the high density scenario and
for the fluffy planet scenario, the latter one using two dif-
ferent potential core masses of 5 and 10 M⊕. We take into
account the measured stellar X-ray luminosity and its ex-
trapolation to the XUV wavelength band, as well as the
Roche-lobe overflow factor K (Erkaev et al. 2007) and the
planetary XUV radius as simulated by Salz et al. (2016).
The XUV irradiation in the energy range of 0.01-2.4
keV at the planetary orbital distances is high compared
to more mature exoplanet systems; we find FXUV, orbit =
32.9, 19.1, 7.9, 2.4× 105 erg s−1 cm−2 from the innermost to
the outermost planet (i.e. planets c, d, b, and e).
The typical difference in expected mass loss rates differs
by about an order of magnitude between assuming the high-
density scenario and the fluffy planets scenario with a core
mass of 5M⊕ for the planets. The innermost planet c yields
an expected present-day mass loss of 2.5× 1013 g s−1 for the
fluffy 5M⊕ core mass scenario, 8.7× 1012 g s−1 for the fluffy
10M⊕ core mass scenario, and 2.4× 1012 g s−1 for the high-
density scenario. The derived expected mass loss rates for
all planets and considered scenarios are listed in Table 3.
4.2.4 Stellar activity evolution
In order to investigate the atmospheric erosion that the four
planets might undergo in the future, it is crucial to take
into account the change in XUV flux received by the planets
over time. Many studies of exoplanet evaporation approxi-
mate the stellar XUV evolution by using the average activity
level of stars in a specific mass bin for well-studied clusters
of different ages. This can be represented as a power law de-
crease in activity which sets in after some time scale during
which the stellar activity stays constant at a saturation level
(Ribas et al. 2005; Jackson et al. 2012).
However, the rotational and therefore activity evolution
of stars with similar mass in young clusters shows a strong
spread, which manifests itself as the so-called slow and fast
rotational sequences (Barnes 2003). It is possible that a star
spins down early and follows a low-activity track, or that it
maintains its high rotation rate and activity for a longer time
and spins down later. Specifically, the observed rotational
evolution of stars in clusters has been interpreted as the stel-
lar transition from fast to slow rotation happening quickly
for individual stars, but at different stellar ages in the same
cluster (Garraffo et al. 2016). In the context of exoplanet
irradiation, this was explored in simulations by Tu et al.
(2015); Johnstone et al. (2015). Their studies show that the
saturation timescales may range from ∼ 10 to ∼ 300 Myr
for stars of the same mass. Whether a star follows a high- or
low-activity track can make a significant difference for the
evaporation of its exoplanets.
Inspired by Tu et al. (2015), we use a simplified bro-
ken power-law model to approximate the solar-mass stellar
activity evolution, which we show in Fig. 8. Specifically, we
define a high-activity track, where the star stays very active
for a long time, and a low-activity track, where the spin-
down and therefore the activity decrease happens early in
the life of the star. For comparison with studies using an
average activity evolution, we also define an average activ-
ity track. We let our high-activity track start at the current
activity level of V1298 Tau; it is possible that other stars
of the same age and mass may have an even higher activity
level.
4.2.5 Mass loss evolution of the planets
We calculate the evaporation of the four planets for a variety
of scenarios. We take into account the possible high-density
and fluffy planet scenarios, as explained above, and further
divide these cases into different stellar activity evolution sce-
narios.
In our calculations we compute the momentary mass
loss rate of each planet according to equation 1, having cal-
culated RXUV and K for the fluffy and the high-density
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Figure 8. High, low and medium activity tracks (blue, grey and
red, respectively) showing the future LX evolution of V1298 Tau
assumed in our calculations. The yellow star indicates the current
X-ray luminosity of the system, while the white star marks the
X-ray luminosity at the end of our calculation at 5 Gyr. The blue
and red dotted model tracks (shown for comparison) are taken
from (Tu et al. 2015) and represent the X-ray evolution for an
initially fast and slowly rotating solar-like star.
planet scenario, respectively. We adjust the gaseous enve-
lope mass of the planet and calculate its new radius, again
using either the fluffy or high-density planet assumption.
To model the four young planets in the ”fluffy planet
scenario”, we make use of the simulation results from Lopez
& Fortney (2014) and assume core masses of either 5 or 10
M⊕ for all planets in the system. Coupled with the mass-loss
formalism introduced above (see equation 1), we allow for
the atmospheric photoevaporative mass loss of the envelope
and take into account the thermal contraction of the planets
in the model by Lopez & Fortney (2014). For the fluffy planet
scenario, we stop the simulation and assume the complete
gaseous envelope has been evaporated once the planetary
radius matches the core radius.
In the ”high-density scenario” we assume that the plan-
etary radii change according to the mass-radius relation for
the more evolved, volatile-rich planet population, consider-
ing the decrease in planetary masses as a result of the XUV
induced mass loss. If the planetary size reaches 2R⊕, which
we assume to be the upper end of possible core sizes based
on the location of the exoplanet radius gap, we stop the sim-
ulation and assume the complete gaseous envelope has been
evaporated.
We perform these calculations for all three stellar ac-
tivity evolution tracks (see Fig. 8). We tested different time
step sizes and found that a step size of 1 Myr yields practi-
cally the same results for the ”high density scenario” planets
as for smaller time steps. Due to the much faster radius evo-
lution for planets in the ”fluffy-planet scenario”, we chose a
smaller step size of 0.1 Myr. The planetary mass and radius
evolution for the two innermost planets c and d are shown
in Figures 9 and 10.
Our calculations show that the high-energy evolution of
the star has a significant effect on the planetary mass loss.
The effect is particularly strong for ”fluffy” scenario of close-
in planets c and d, as they have extended atmospheres and
are exposed to much higher XUV fluxes, see Fig. 9 and 10. In
Figure 9. Results of our calculations showing the possible future
mass and radius evolution of the inner most planet c. The three
panels on the left show the mass evolution for our ”high-density
case” planet (top) and the two ”fluffy planet cases” with 10 and 5
Earth-mass cores (middle and bottom, respectively). The panels
on the right show the corresponding radius evolutions. The red,
grey and blue lines represent the planetary evolution considering
a high, medium or low stellar activity evolution for V1298 Tau.
Figure 10. Same as Fig. 9, but for planet d.
the stellar high activity scenario, those two planets can lose
all of their modelled gaseous envelope, which corresponds to
a lost mass fraction of around 10%.
If we assume that the host star follows the evolutionary
track for a slowly rotating star (low activity track), and will
spend no more time in the saturation regime, the photoe-
vaporative mass loss is, especially for the two outer planets,
less severe. A summary of the possible radius changes and
the remaining envelope mass fractions is given in Table 3.
For the planets in the ”high density scenario” our cal-
culations show that such high-mass planets would undergo
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Figure 11. Current position of the four transiting planets around V1298 Tau in the radius-period diagram. The gold stars mark the radii
and periods measured by David et al. (2019) at a system age of ∼ 23 Myr. The vertical dotted lines show possible evolutionary tracks
under atmospheric photoevaporation. The dots and squares mark the planetary radii at an age of 5 Gyr resulting from our calculations
for planets with a 5 M⊕ and 10 M⊕ core, respectively. The colours correspond to the stellar activity tracks assumed in the calculation,
with blue colours corresponding to the high activity track, grey to the medium activity track and red to the low activity track.
little mass and radius evolution even for high activity track,
owing to the larger planetary gravitational potential and the
resulting lower mass loss rates. Planets in the low activity
scenario undergo negligible mass and radius evolution.
To put these numbers in context with the observed ra-
dius gap in the exoplanet population, we show the initial
planetary radii and those at a system age of 5 Gyr in Fig. 11.
The figure only show the evolution of the two ”fluffy planet”
scenarios with different core masses, as the ”high density”
scenario shows very little radius evolution. The combined
impact of the stellar activity evolution and the planetary
core mass can be seen particularly well for planets d and b,
as their evolution on the period-radius diagram shows them
either crossing or not crossing the photoevaporation valley
around 2 R⊕ depending on whether V1298 Tau will follow
the high, medium or low activity track.
4.3 Uncertainties and model limitations
Some uncertainties are introduced into our modelling from
observed or assumed parameters, others from the underlying
assumptions of the model. We discuss the influence of these
uncertainties here briefly.
The measured X-ray flux has an uncertainty of the order
of 10%, which makes very little difference in our modelling of
the planet evolution. A 10% higher or lower starting point
of the stellar high-energy flux translates to a difference in
the final planet radii of the order of 1% in cases where the
planet envelopes do not fully evaporate, and a difference in
age where full envelope evaporation occurs of the order of
10% for the other cases.
We have assumed an evaporation efficiency parameter
 of 0.1, which is not unusual in comparison to the existing
literature, where a wide range of values has been employed
in the past. However, this also needs to be seen in the con-
text of applicability of the energy-limited escape scenario
itself. The regime of energy-limited escape has been mod-
elled to be valid for low to moderate XUV fluxes onto the
planetary atmosphere, and is consistent with observations
in the solar system (Watson et al. 1981b). For high XUV
fluxes, it is expected that the energy supplied by the XUV
photons does no longer go mainly into lifting the planetary
atmosphere out of the planet’s gravitational well. Instead,
the planetary atmosphere is heated to such high temper-
atures that it starts to cool through emission lines, which
reduces the energy available for expanding the atmosphere
upwards. The escape rates could then be suppressed by a
factor of up to ten compared to an  factor appropriate for
an energy-limited situation (Murray-Clay et al. 2009). We
currently do not take into account such deviations from the
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energy-limited scenario, but assume on overall time-constant
efficiency parameter of  = 0.1 instead.
Also currently not included in our model are hydrody-
namic or magnetic effects, such as a stellar wind stream-
ing around the planet or the potential shielding effect that
a planetary magnetosphere could provide against evapora-
tion. Both are expected to influence the total mass loss. The
stellar wind may enhance the mass loss of exoplanets, espe-
cially if the planets have no (or only a weak) magnetic field
(Cohen et al. 2015; Dong et al. 2017). However, the exis-
tence of a planetary magnetosphere may lower the evapora-
tive mass loss, particularly from the night side of the planet
(Owen & Adams 2014). Planetary magnetic fields in the
solar system display a relationship between the angular mo-
mentum of the planetary spin and their observed magnetic
field strength (see Grießmeier et al. (2004) and references
therein), meaning that heavy, quickly spinning planets have
strong magnetic fields. If the V1298 Tau planets are heavy
and not fluffy, and are spinning fast – which may be reason-
able to assume since they are young –, magnetic shielding
could be relevant to the mass loss.
In summary, our evaporation model is relatively sim-
ple and does not attempt to include all potentially rele-
vant physical aspects of exoplanet evaporation, such as stel-
lar winds, magnetic shielding, or any hydrodynamic effects.
However, it is still instructive to see how even the inclusion of
relatively few physical parameters, especially the stellar ac-
tivity evolution and the planetary mass, can already cause a
wide variety of possible future evolution tracks for the plan-
ets. In this context it is particularly important to measure
masses of exoplanets around young stars, even though this
is challenging, so that at least the planetary mass parameter
in evaporation models can be constrained usefully.
5 CONCLUSIONS
We use X-ray observations of the young exoplanet host star
V1298 Tau with Chandra and ROSAT to estimate the cur-
rent high-energy irradiation the four Neptune- to Saturn-
sized planets are exposed to. We find that V1298 Tau, with
an age of ∼ 23 Myr, is X-ray bright with a luminosity of
logLX [ erg s
−1] = 30.1, and has a mean coronal tempera-
ture of approximately 9 MK. By employing a model for the
stellar activity evolution together with exoplanetary mass
loss we then estimate the atmospheric evolution of the four
planets. Due to the lack of measured masses, it is challeng-
ing to provide constraining predictions on the fate of these
four very young planets. We therefore estimate the planetary
mass and radius evolution for a ”fluffy-planet scenario” and
a ”high-density scenario”, covering a realistic/conceivable
mass range. We model the four planets as fluffy planets
with a 5 and 10 M⊕ rocky core underneath a thick hydro-
gen/helium envelope, and also as four higher-mass/density
planets with masses ranging roughly between those of Nep-
tune and Saturn (∼ 20-70 M⊕). We show that, as expected,
the low-mass planets are most affected by photoevaporative
mass loss, mainly due to their weaker gravitational poten-
tial and the consequently higher mass-loss rates. Our results
show that the stellar activity evolution and the age at which
spin-down sets in can make a significant difference in possi-
ble life-time evaporation outcomes for the planets.
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APPENDIX A: PLANET EVOLUTION PLOTS
Large versions of the radius and mass evolution plots for all
four planets are displayed in this appendix.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. High-resolution version of Fig. 9.
Figure A2. High-resolution version of Fig. 10.
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Figure A3. Same as Fig. 9, but for planet b.
Figure A4. Same as Fig. 9, but for planet e.
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